The shift from a free-living bacterial lifestyle to a vertically transmitted intracellular lifestyle is hypothesized to result in major genome-scale changes including a shift to AT-rich genomes, reduced recombination, and a reduction in genome size. In this study, host-symbiont coevolution, genome structure, 
Introduction
Symbiosis is hypothesized to have been the mechanism that led to the development of cellular organelles (see reviews of Rand et al 2004, Kutschera and Niklas 2005 and references therein). The discovery of unique intracellular symbioses in deep-sea organisms provides an opportunity to study early organelle evolution and could help to elucidate ancient evolutionary processes involved in the acquisition of mitochondria and plastids (Kutschera and Niklas 2005) , although the delineation between symbiont and organelle in this and other systems is debateable (McCutcheon and Moran 2011) . The symbiosis between gammaproteobacteria and deep-sea clams is only about 50 MY old (Johnson et al. 2017) . Vesicomyid clams harbour intracellular symbionts that provide sustenance to the host by utilizing reduced sulphide to fix carbon. The symbionts are located within bacteriocytes in the host gills, but are colocalised in the host ovaries and transmitted by way of eggs each generation (Endow and Ohta 1990; . Vertical transmission through eggs coupled with an intracellular lifestyle might drastically reduce opportunities for recombination (Silvia et al. 2003; Papke and Ward 2004; Wernegreen 2005) and characteristically leads to symbiont genomes that are reduced in size and gene content relative to environmentally acquired endosymbionts (Kuwahara et al. 2007; Newton et al. 2007 ). In contrast to species with horizontally transmitted symbionts (e.g., Won et al. 2006) , concordant host and symbiont phylogenies (Distel, Felbeck and Cavanaugh 1994; and within-population genetic disequilibrium (Hurtado 2003) are observed among vesicomyid taxa. This pattern of co-speciation and genetic linkage has been hypothesized to be the result of mitochondrial and symbiont co-transmission through eggs, i.e., vertical transmission.
A vertical transmission mode through host eggs produces a symbiont population bottleneck each generation. Symbiont population sizes associated with Phraegena okutanii eggs have been estimated to be 400 symbiont cells containing 10 genomic copies per symbiont cell (Ikuta et al. 2016) . Indeed, evidence of increased evolutionary rates in vesicomyid clam symbionts has previously been observed and is hypothesized to result from increased fixation of nearly neutral mutations due to reduced effective population sizes (N e ) arising from transmission bottlenecks and an intracellular lifestyle . The speed of adaptation of intracellular symbionts could also be affected by a reduced recombination rate through clonal interference between symbiont genomic mutations (Hill and Robertson 1966, Fogle et al. 2008) or genetic interactions between symbiont genes and host cytoplasmic or nuclear genes. Initial genomic studies reveal that vesicomyid symbionts lack DNA recombination and repair enzymes (Newton et al. 2007 ). This observation coupled with reduced access to divergent bacterial strains due to a strictly intracellular lifestyle might further affect evolutionary rate. Muller's ratchet (Felsenstein 1974 , Muller 1964 has been evoked to explain the increased rate of fixation of deleterious mutations in symbiont genes (e.g., Moran 1996 , Rand et al 2004 . Genetic deletions are hypothesized to lead to genome size reduction due to reduced influx of genetic material due to recombination (Moran and Mira 2001; Perez-Brocal et al. 2006) , although it might be equally reasonable to hypothesize that deletions of unrequired genomic regions are selectively advantageous in symbionts. Nevertheless, strict vertical transmission coupled with an intracellular lifestyle is expected to reduce the efficacy of natural selection through reduced effective population sizes, reduced rates of recombination, reduced access to divergent strains of bacteria, and potential host-symbiont genetic interactions (McCutcheon and Moran 2011) . Indeed, genomic stasis has been observed in Buchnera aphidicola over a time scale of 50MY, suggesting that this symbiont no longer contributes to ecological innovations of its hosts (Tamas et al. 2002) .
The strictly vertical co-transmission hypothesis for vesicomyid clams was subsequently rejected in favour of a leaky vertical transmission mode characterized by occasional instances of horizontal transmission. This model is supported by observations of some discordance between mitochondrial and symbiont phylogenies (Stewart, Young and Cavanaugh 2008) , occasional instances of divergent symbiont lineages co-occurring in a single host (Stewart and Cavanaugh 2009) , and phylogenetic evidence of recombination among some symbiont lineages (Stewart, Young and Cavanaugh 2009 ).
These observations suggest that positive selection might be freer to operate on protein coding gene sequences than previously expected. Occasional instances of recombination, either between divergent lineages or between closely related lineages within the same host population, could reduce linkage disequilibrium among symbiont loci or cytoplasmic genomes and mitigate clonal interference (but see, Hurtado et al. 2003) . Likewise, genetic interactions between symbiont and host genes could be affected. In this comparative genomics study, we examined sequenced data from eleven vesicomyid symbiont and host mitochondrial genomes. We assess symbiont gene content among lineages, rates of recombination as well as hostsymbiont switching, and estimate the strength of episodic diversifying selection shaping the diversity of protein coding genes.
Results

Host mitochondrial genomes
Host taxa examined in this study were chosen from the deepest diverging lineages in the pliocardiin Vesicomyidae and are distributed globally in the northern hemisphere ( Fig. 1) and across the known host diversity ( Fig.   2A ). Host mitochondrial genomes from the lineages examined in this study possess identical gene orders and contents as previously published mitochondrial genomes (Liu et al., 2015; Ozawa et al., 2017) . The phylogeny constructed with mitochondrial genome data ( Fig. 2A) is congruent with the known host phylogenetic relationships based on multilocus sequence data and the COI phylogeny (Johnson et al. 2017 ). Structural variation is, however, present. The COX2 gene varies in length among taxa (range: 999-1443bp).
We also observe the previously described noncoding structural variation, hypothesized to be the control region, between the tRNA Trp or tRNA His_2 and ND6 loci (Liu et al., 2015; Ozawa et al., 2017) . However, we were unable to resolve this region with the current sequence data. All protein-coding genes in the mitochondrial genomes were screened for selection using the adaptive branch-site random effects likelihood method. The COX2 gene exhibited evidence for selection, however, the hypervariable region contained many ambiguous codon alignments. Removal of the ambiguously aligned regions rendered the tests not significant for this gene. Therefore, we conclude that no unambiguous evidence of selection was detected acting on the mitochondrial genomes examined in this study.
Symbiont capture
Examination of the mitochondrial genome phylogeny ( Fig. 2A) , the symbiont genome phylogeny ( Fig. 2b and 2c ), and genome-wide symbiont protein divergences (>99%) revealed a striking pattern of a recent symbiont replacement in the P. extenta host lineage. The host mitochondrial lineages are divergent, yet the symbiont lineages are nearly identical. The donor lineage appears to be A. diagonalis. It is noteworthy that these clams were both collected from sites in Monterey Canyon.
In the following sections, symbiont lineages are referred to by the previously erected genera for this group, Candidatus Vesicomyosocius and
Candidatus Ruthia followed by host species names. The genus Candidatus
Vesicomyosocius refers to the symbionts found in hosts referred to as the gigas clade, whereas Candidatus Ruthia refers the symbionts found in all other hosts (see Table 1 ). The symbionts found in both A. diagonalis and P.
extenta are referred to as C.V. diagonalis-extenta. These designations, as we argue in the following sections, are supported by both functional genomic and evolutionary characteristics of the groups. The C.V. southwardae symbiont has the most fragmented genome.
Contig coverage for this genome is characteristically high, approximately 150x. The genome contains 21 mobile element proteins, two of which share 85% and 90% protein identity to Bathymodiolus septemdierum symbiont transposases (IS5/IS1182 and IS256 families, respectively), and others that share up to 80% protein identity with transposases from the SUP05 group of bacteria. Thus, the fragmentation of this assembly is due to structural repeat variation that cannot be resolved with the current short reads.
Genome structure and recombination
Genome structures among symbionts were variable. The C.V. soyoae is occurring within these genera ( Fig. 2b and 2c ). Fifty genes (7%) exhibited within-gene recombination in the full dataset. The average symbiont phylogeny exhibits a low percentage of loci supporting the placement of the C.R. phaseoliformis and C.R. southwardae and C.R. Pliocardia sp. symbiont lineages ( Fig. 2B and 2C ), which is due to the conflicting phylogenetic signal among genes in these lineages.
Tests for selection
The number of symbiont genes that passed the inclusion criteria to be screened for selection (see methods) included 606 loci. The application of the adaptive branch-site random effects likelihood method yielded 107 genes with significant evidence of selection along branches in the phylogeny. Of these 107 genes, 11% exhibited intra-gene topological incongruence (reciprocal topology rejection using the KH test on breakpoints identified with GARD).
Within locus recombination has the potential to create false positives in phylogenetic selection tests (Pond et al. 2015) . Excluding loci with significant evidence of intra-locus recombination (see Table S2 ), a total of 16% of loci exhibited unambiguous evidence for episodic diversifying selection. These loci represent a variety of cellular functions (Table 2 ) and selection is distributed throughout the evolutionary history of the group (Table 3) .
Seventy-seven of the loci that exhibited unequivocal evidence of selection were assigned to SEED categories ( Table 2, Table S2 The authors conclude that even though horizontal association is occurring at a low rate, it appears to be inconsequential for these hosts. Decker et al (2013) hypothesize that niche specialization due to the A. chuni symbiont using nitrate as an electron acceptor could explain their observations. Our results provide further evidence for the general hypothesis that host niche diversification produces evolutionary constraints on the horizontal acquisition of symbionts and the potential for symbiont genetic exchange. Our observation of a symbiont replacement in the P. extenta host and widespread historical recombination among C. Ruthia symbiont genera, however, suggests that horizontal acquisition might be an on-going and significant source of ecological and evolutionary innovation for the hosts, both through horizontal gene acquisition and symbiont competition.
These results provide the first estimates of the relative contributions of selection and recombination/gene transfer shaping this vertically transmitted symbiosis. Surprisingly, we find a significant number of loci exhibiting evidence of episodic diversifying selection affecting protein sequences. We observe a surprisingly large amount of recombination between lineages, but recombination is not occurring at equal rates between all taxa. Indeed, the C. 
Materials and Methods
Specimens were collected between 1996 and 2004 over eight research expeditions (Table 1) . Depths of sampling locations ranged from 650-3550m.
Samples were dissected aboard ship and then frozen at -80C or were frozen whole at -80C. DNA was extracted from symbiont bearing gill tissue using the DNAEasy extraction kit (Qiagen, Hilden, Germany) following the manufacturer's protocol. Host species identification was initially confirmed by sequencing the host mitochondrial COI using vesicomyid-specific primers (Peek et al. 1997) . Alignments and phylogenetic reconstruction of host COI for initial host verification were conducted in MEGA v.7 (Kumar et al. 2016 ).
All genomes were sequenced in-house on a MiSeq instrument.
Genomic DNA libraries were prepared using the KAPA Hyperplus Library Preparation kit (KAPA Biosystems, Wilmington, MA, US) according to kit instructions. Read quality of genomic data was assessed using FastQC (Andrews 2010) . Symbiont and host mitochondrial assemblies were constructed using Velvet (Zirbeno and Berney 2008), manually optimizing for k-mer size distribution and read depth. Some assemblies were also constructed using the read mapping and assembly functions in Geneious version 10.1.3 (Kearse et al. 2012) . Symbiont assemblies were generated de novo from mixed host and symbiont data yielding N50s ranging from 37 kbp to 1.0 Mbp (Table S1 ). Contigs were considered symbiont based on binning by GC content and read depth. Given the quite high and consistent symbiont coverage (>150x , Table S1 ), we are very confident that all contigs binned in this manner represent actual symbiont contigs and are not contaminates from the surface of the gill. Final assemblies for samples ranged from 1-84 contigs.
The total genome sizes ranged from 1.0-1.6Mb (Table S1 ). The largest vesicomyid symbiont genome reported previously is the 1.2Mb R. magnifica genome (Newton et al. 2006) , whereas the smallest is the 1.0Mb V. okutanii genome (Kuwarhara et al 2007) . Mitochondrial genome annotations were produced manually with the aid of previously annotated mitochondrial genomes (Liu et al. 2016 , Ozawa et al., 2017 in Geneious. The RAST pipeline was used to generate symbiont annotations (Aziz et al. 2008 ).
Symbiont and mitochondrial gene alignments and phylogenetic testing were performed using the hyphy phylogenetics package (Pond et al. 2005 ).
Codon-based alignments for each gene were produced with MUSCLE (Edgar 2004 ). Progressive Mauve (Darling et al. 2010) and LASTZ (Harris 2007) were used to identify large-scale structural differences among genomes.
GARD along with the KH test (Kishino and Hasegawa 1989) were used to identify breakpoints and contiguous non-recombining gene segments within genes (Pond et al. 2006) . Episodic diversifying selection on individual lineages was identified using the adaptive Branch-site Random Effects
Likelihood method (aBSRel, Smith et al. 2015) . Gene length must be at least 300 bp, a gene must be present in all taxa examined, and it must be present in a single copy in all genomes to be included in the set of genes tested for selection. All genes included in the gene set are bidirectional best blast hits.
Multiple test corrections were applied using the qvalue package (Bass et al. 2015) in R (R Core Team 2017) where appropriate. Percentages below branches are the proportion of loci whose ML phylogeny estimate supports that taxon bipartition, and branch lengths are the averages of ML estimates across all genes. C) Average phylogeny among all 107 symbiont loci with at least one lineage exhibiting evidence of episodic diversifying selection. Branch lengths and percentages blow branches are the same as in (B). Numbers above branches are the number of loci exhibiting selection on that branch. Tables   Table S1: Annotation statistics for symbiont genomes in this study. Table S2 : Genes exhibiting significant evidence of selection.
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